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Abstract 
Background: At high densities, terrestrial and marine species often employ alternate reproductive tactics (ARTs) 
to maximize reproductive benefits. We describe ARTs in a high-density and unfished spawning aggregation of the 
squaretail grouper (Plectropomus areolatus) in Lakshadweep, India.
Results: As previously reported for this species, territorial males engage in pair-courtship, which is associated with 
a pair-spawning tactic. Here, we document a previously unreported school-courtship tactic; where territorial males 
court multiple females in mid-water schools, which appears to culminate in a unique ‘school-spawning’ tactic. Court-
ship tactics were conditional on body size, local mate density and habitat, likely associated with changing trade-offs 
between potential mating opportunities and intra-sexual competition. Counter-intuitively, the aggregation showed 
a habitat-specific inverse size-assortment: large males courted small females on the reef slope while small males 
courted equal-sized or larger females on the shelf. These patterns remained stable across two years of observation at 
high, unfished densities.
Conclusions: These unique density-dependent behaviours may disappear from this aggregation as overall densities 
decline due to increasing commercial fishing pressure, with potentially large consequences for demographics and fitness.
Keywords: Spawning aggregation, High mating density, Alternative reproductive tactics, Shoal and pair courtship 
tactics, Inverse size-assortment, Squaretail grouper
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Significant statement
Mating successfully at high densities often requires spe-
cies to employ unusual reproductive tactics. We report 
unique courtship behaviours in an unfished, high-density 
spawning aggregation of squaretail groupers (Plectropo-
mus areolatus) that are potentially associated with alter-
native reproductive tactics (ARTs). Aggregating males are 
typically known to court females in small territories (pair 
courtship), which is often associated with a pair-spawn-
ing tactic. However, we also observed the largest males 
simultaneously courting several females in mid-water 
shoals – a unique, high-cost-high-benefit courtship tac-
tic which appears to result in a novel school-spawning 
tactic. Counter-intuitively we observed an inverse size-
assortment in individuals–large males courted smaller 
females and vice-a-versa, likely linked to different pay-
offs with competitive ability and local mate density. These 
unique, high-density behaviours are threatened to be 
lost, with increasing commercial fishing pressures on the 
P. areolatus aggregation.
Background
Ensuring reproductive success in competitive high-
density populations often requires individuals to adopt 
innovative mating strategies. Reproductive strategies 
are strongly mediated by density—i.e. the number of 
potential mates (local mate density) as well as the over-
all population density [1, 2]. High local mate density in a 
population increases competition for mates. Under these 
circumstances, if a few individuals are able to monopolize 
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mates, most others will have little success [3]. This skew 
in reproductive success often selects for multiple male 
and female phenotypes or alternative ways of acquiring 
reproductive benefits, commonly known as alternative 
reproductive tactics (ARTs, [4]).
Overall population densities may impact alternative 
reproductive strategies in a population in unpredictable 
ways [2]. For example, high-density conditions could result 
in significant density-dependent effects such as space limi-
tation and the inability of competitors to fight off multiple 
intruders [1]. This may lead to a breakdown in mate monop-
oly [5], lowering the reproductive skew in a population and 
consequently suppressing the expression of ARTs [6]. How-
ever, increasing population density may trigger variations in 
mate choice [7, 8], which may serve to increase reproduc-
tive skew and select for costly, novel or elaborate ARTs [2, 9, 
10]. Across multiple taxa, large male size is favoured, either 
through male-male competition or female choice, with lit-
tle selection on female size (e.g. fish [11]; mammals [12, 13]). 
However, in some taxa [14–16], males also show a prefer-
ence for large females, resulting in mating pairs where male 
and female sizes are positively correlated (‘size assortment’, 
16). The overall population density can impact the strength 
of sexual selection on male and female traits through its 
effects on intra-sexual competition [17–20].
Animal mating aggregations lie at one extreme of the den-
sity spectrum, and can provide valuable insights in under-
standing size-selection and mating systems in high-density 
conditions. Fish spawning aggregations are ideal systems to 
study this relationship because several species spawn in spa-
tially and temporally explicit aggregations that often attain 
very high densities [21, 22]. A rich body of literature dating 
back to Aristotle [23] has shown that fish have highly variable 
and flexible mating modes, ranging from pair-spawning and 
group-spawning tactics, demersal and broadcast spawning 
tactics, to gonochorism and hermaphroditism [19, 24–29]. 
In addition, fish show some of the strongest tendencies for 
positive size-assortment among animal taxa [16]. Fish mat-
ing systems can vary considerably between closely related 
species or even regional populations of the same species 
[30]. These differences are often context (habitat, local den-
sity) and condition (body size, age) dependent [19, 28, 31]. In 
the absence of adequate field data for many aggregating fish 
species, we often rely on generalisations of mating behaviour 
from closely-related species or populations from better-stud-
ied regions. Moreover, ‘pristine’ or unfished fish spawning 
aggregations are rare in the wild, and this is particularly true 
of large-bodied and commercially important marine fish spe-
cies [32], impeding our understanding of how many species 
behave under natural high-density conditions.
Groupers (Teleostei: Epinephelidae: Epinephelini [33]) 
are large-bodied fish, ubiquitous to coral reefs. They are 
functionally important predators, and many species form 
high-density spawning aggregations [34]. Groupers pos-
sess complex mating systems with several sex-changing 
species [28, 35, 36]. Reproductive strategies and sex-
change patterns in groupers can be strongly mediated 
by local mate density and overall population density [36, 
37]. However, because groupers are highly prized food-
fish [38], their spawning aggregations are heavily targeted 
by commercial fisheries [39]. Fishing can severely alter 
population density and the size-structure of a spawning 
aggregation [22, 32, 40, 41] potentially affecting the mat-
ing system. Unfished spawning aggregations, where they 
still persist, can therefore provide critical baselines and 
novel insights into grouper mating systems under rare, 
natural high-density conditions.
The squaretail grouper (Plectropomus areolatus) is a 
common plectropomid species found across the Indo-
Pacific region. Previous work observed P. areolatus using 
a pair-spawning tactic where principally large males 
establish and defend territories at the aggregation site, 
which are then visited by gravid females [42, 43]. Males 
court females within their territories and this is associ-
ated with pair-spawning just above the male’s territory. 
In 2011, we documented an unfished, high-density aggre-
gation of the squaretail grouper at a remote atoll in Lak-
shadweep, India. Our observations reveal an additional 
school-associated courtship tactic, distinct from earlier 
reports in the literature for this species. We describe 
this novel courtship tactic as school-courtship, and sug-
gest that this leads to a unique school-spawning tactic in 
high-density P. areolatus spawning aggregations.
Few studies have described ARTs in grouper spawn-
ing aggregations [31, 36, 42, 43] and to our knowledge, 
no studies have evaluated ARTs in plectropomid spe-
cies. Here, in addition to describing a unique spawning 
tactic, we examine and evaluate ARTs in an unfished, 
high-density squaretail grouper spawning aggregation 
over two years (2013 and 2014). Specifically, we evaluate 
(1) male and female preference for body size (size-assort-
ment) in the two habitats (shelf and slope), by examin-
ing their relative spatial distributions. (2) The frequency 
of two distinct male courtship tactics in the two habitats, 
and describe how these potentially lead to two alternative 
spawning tactics and (3) the potential costs and benefits 
associated with the different courtship tactics.
Methods
Study area and site
The study was conducted in Bitra, a remote atoll in the 
northern Lakshadweep archipelago. The archipelago lies 
roughly 400 km off the state of Kerala, along the south-west 
coast of India. Bitra has a small island (0.105 km2 area), with 
a community of less than 200 people. The atoll encloses a 
large lagoon of 46.51 km2 surrounded by coral reefs.
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Until recently, local fishing in Bitra and other atolls has 
been largely an artisanal enterprise, mainly targeting off-
shore tuna stocks [44]. Our study was conducted in 2013 
and 2014, prior to which there was relatively low reef 
fishing pressure in Bitra. During the course of our study 
there was a complete administrative ban on fishing activi-
ties on Bitra’s reefs during the aggregation period.
Due to the remote location of the island and associated 
logistical challenges, we were able to survey Bitra only 
opportunistically since 1998 (n  =  6  years, 1998, 2011–
2015) between the months of December–April. Based on 
these opportunistic surveys and local fishermen inter-
views, the study was conducted in the new moon of Janu-
ary (2013 and 2014), around peak aggregation densities.
In 2012, we demarcated the boundaries of the aggre-
gation site based on the presence of territory-holding 
males, by surveying the area on SCUBA and snorkel. 
The area of the aggregation was estimated to be approxi-
mately 40,000  m2 comprising a contiguous stretch of 
reef separated by sand patches. The site can broadly be 
divided into two habitats, reef shelf and reef slope. The 
reef shelf starts at a depth of 6 m sloping gently to 11 m 
where it transitions to a steep reef slope. The reef shelf 
stretches nearly 170 m in breadth. The reef slope begins 
at a depth of 11  m descending sharply at an approxi-
mately 45° angle, to sand at 20 m. The reef shelf and slope 
at the aggregation site were very similar in terms of ben-
thic coral structure, dominated by large Porites and Dip-
loastrea boulders.
Annual aggregation density
Across the Indo-Pacific, densities of P. areolatus aggre-
gations peak either on the day of the new moon or full 
moon [45]. In Bitra, this species appears to spawn over 
the new moon (RK, RA, AZ, personal observations). We 
surveyed the aggregation annually for 5  days (2  days of 
waning crescent, new moon and 2 days of waxing cres-
cent) during the new moon lunar phase in January/Feb-
ruary of each year, based on our prior observations of the 
build-up of numbers and duration of the aggregation.
Sampling was focused in a core area of approximately 
2500 m2, which covered 6.5% of the total aggregation area 
(40,000  m2). The densest part of the aggregation or the 
‘core aggregation area’ [46] was defined as the area within 
which large female schools roved during the aggrega-
tion period [42]. In this core area, we established 5 per-
manent belt transects (50 m × 10 m, 2 slope and 3 shelf 
transects), following methodology in [47]. Transects were 
placed 10 m apart. Transects on the slope and shelf were 
placed parallel to one another with a minimum distance 
of 25  m between them. The vertical extent of the sam-
pling area was approximately 5  m, based on movement 
of fish in the water column. We surveyed these transects 
every day over the 5  day period in 2013 and 2014, dur-
ing low tide and compared new moon peak densities 
from sampling surveys conducted in 2013 (10th Febru-
ary) and 2014 (30th January). Transects were swum by 
two observers, and a mean of total count of individuals 
taken by each observer in a volume of 2500 m3 was used 
as transect density.
Mean (±SE) annual core density was estimated 
from transect densities (n  =  10 transects, 5 tran-
sects × 2 years), for surveys conducted on peak days in 
2013 (10th February) and 2014 (30th January).
Male and female density distribution: size assortment
We used timed stationary point counts to compare male 
and female densities on slope and shelf habitats on peak 
aggregation days in 2013 (30th January) and 2014 (10th 
February). This additional sampling technique was used 
to document sex of individuals which was not included in 
the permanent transect surveys.
We randomly established 5–6 survey points in each 
habitat within the core aggregation area and sampled 
each point for a total of 5  min (total n  =  23). At each 
point count we noted the abundance, size and sex of indi-
viduals within a cylinder of 5  m radius and 5  m height 
of the survey point (volume  ~393  m3). On peak aggre-
gation days (new moon days), we assumed that all indi-
viduals with distended bellies were females. We validated 
this assumption by opportunistically catching and (non-
fatally) sexing 24 individuals on peak aggregation days 
(January 2012 and 2015). All individuals with distended 
bellies were found to be females (n = 11) and those with 
flat bellies were found to be males (n  =  13). Of these, 
males and females had overlapping sizes: Male body size 
ranged between 40 and 74  cm, and female size ranged 
between 36 and 56 cm. Males and females were binned 
into fifteen centimetre size classes. We binned individu-
als post hoc to categorize males that overlapped in size 
with females and those which did not overlap in size with 
females. In previous studies [42, 43], males that over-
lapped in size with females were often found to be non-
territorial and roving with female schools, while larger 
males held territories at the aggregation site. Males were 
thus classified as small (40–55) cm and large (56+  cm) 
to study differences in territorial behaviours with body 
size. Similarly, we used 15 cm bins to classify females as 
small (35–50 cm) and large (51+ cm), based on the size-
distribution of females observed in mid-water schools in 
this study. Underwater visual size estimates of a subset of 
individuals were compared with size-estimates derived 
from focal videos of the same individuals using a scale 
reference (n =  20, see below). All individuals were cor-
rectly assigned to the respective size bins, and sizes were 
estimated within an error of ±5 cm.
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The mean density of males and females and sex ratio 
was calculated in shelf and slope habitats by pooling 
point counts conducted in 2013 and 2014, as year did 
not have a statistically significant effect on mean den-
sity (see results). Sex ratio was calculated as the number 
of females as a proportion of total abundance in each 
habitat.
Size-assortment To study the distribution of small and 
large individuals (of males and females), we used gen-
eralised linear models (GLMs). Models were run sepa-
rately for males and females. Count data from a total of 
23 point-counts were used in the analysis. The density of 
males and females was modelled as a function of body 
size (large and small), year (2013, 2014), habitat (shelf, 
slope) and the interactions between habitat, size and year. 
We used negative-binomial glms to account for overd-
ispersion in the data [48]. Only non-significant interac-
tion terms (p < 0.05) were removed from the maximum 
model, to improve parameter interpretation [49, 50]. 
We used Likelihood ratio test for testing statistical sig-
nificance of coefficients. Statistical hypothesis tests were 
not carried out for main effects involved in statistically 
significant interactions. Statistical analyses were per-
formed with the statistical software R version 2.14.2 [51]. 
Negative-binomial glms were performed using lme4 [52]. 
Results were plotted using ggplot2 [53].
Courtship tactics
Natural history observations
We observed the courtship behaviour of males and 
females, specifically the behaviour of female schools and 
territorial males. Where possible, video recordings were 
taken by placing GoPro Hero cameras at strategic loca-
tions on the reef. Each observed courtship behaviour was 
classified according to the location where it occurred (ben-
thic or water column) and whether it was a pair courtship 
(between a single male and female) or a school court-
ship (single male and multiple females within a school, 
see results section for complete description). The size of 
female schools (number of females) was visually estimated 
underwater before the courtship survey (see below) and 
later corroborated from videos.
Distribution of male courtship tactics
The frequency of large and small males using pair and 
school-courtship tactics (see above) in the two habi-
tats (slope, shelf ) was estimated from focal individuals 
(n = 72) surveyed during an association-rate survey (see 
below). We used a contingency table to test if the court-
ship tactic used by large and small males was associated 
with the habitat they were found in. Since sample sizes in 
each cell of the 2 × 4 contingency table were low, we used 
a Fisher’s exact test to test the association [48].
Costs and benefits of male ARTs
Benefits: association rates (potential mating opportunities)
Courtship took place either with females near the ben-
thos (as in case of pair courtship) or with females within 
schools in the water column (school-courtship). We esti-
mated association rate as the number of females a male 
courted per minute.
We measured association rates on the peak aggrega-
tion day (30th January) in 2014, with focal individual 
sampling. We sampled randomly identified males in each 
habitat and observed them for a period of 1  min (total 
n  =  72). For each sampled individual we recorded the 
size of the male, the type of courtship it engaged in (pair 
or school) and the number of females it courted within 
1  min. It was not possible to record these data blind 
because our study involved focal animals in the field.
We compared mean association rates of large and small 
males using pair and school courtship tactics on the shelf 
(n = 42) and slope (n = 30). Sampling with replacement 
was performed over 1000 iterations to produce 95% 
bootstrapped confidence intervals around the means. If 
the mean association rate of one population did not fall 
within the confidence intervals of the mean of the other, 
we considered the populations to be significantly differ-
ent [48]. Bootstrapping was conducted using the R pack-
age, boot [54].
Mating rates are a challenge to measure in P. areola-
tus spawning aggregations because spawning presum-
ably takes place at night or early morning, when surveys 
are difficult to conduct and because of the difficulties 
associated with measuring mating in externally fertiliz-
ing species. Very few researchers have observed gam-
ete-release in P. areolatus, and gamete release has been 
reported only in male and female pairs after pair-court-
ship [42, 43, 45]. However, despite the difficulties associ-
ated with observing P. areolatus spawning, we observed 
two successful incidences of school-courtship culmi-
nating in gamete release. Both observations involved a 
single male with a group of females in a school. Since 
access to the number of females appears to differ con-
siderably between courtship tactics, we assume that 
these would translate into differences in mating oppor-
tunities when spawning does take place. We therefore 
use association rates as a reasonable proxy for potential 
mating opportunities.
Costs: intra‑sexual competition
To determine costs in terms of intra-sexual competi-
tion, we measured the proportion of time a male spent 
in aggressive interactions with other conspecific males. 
We used focal individual sampling (3  min) to obtain 
time activity budgets of males in shelf and slope habitats. 
Male focal individual samples (n =  65) were conducted 
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on peak aggregation days in 2013 (10th February n = 14 
slope and n  =  14 shelf ) and in 2014 (30th January, 
n =  18 slope, n =  19 shelf ). Two observers swam from 
the northern to the southern edge of the aggregation site. 
Observers swam parallel to one another, one along the 
slope and the other along the shelf. During this swim, the 
observers randomly identified males in the two habitats 
and video recorded each individual for a 5-min period. 
Subsequent individuals were identified at a minimum 
distance of 5 m from the previous. Unique body marking 
were used to identify individuals in the videos. Individu-
als were followed at a minimum distance of four meters 
to minimise observer effects. We used a total sampling 
period of 5 min after initial observations. Males patrolled 
their entire territory within a minute on peak aggrega-
tion days; a sampling period of 5 min therefore provided 
us sufficient representation of an individual’s behav-
ioural repertoire. During analyses the first 2  min of the 
recording were discarded to allow for focal individuals 
to acclimatize to our presence before we began scoring 
observations. Video data were recorded blind.
From the videos, we broadly classified behavioural 
states in males as:
Rest individual stationary in its territory, on top of, 
or under structures, maintaining its position with slow 
movements of its lateral and caudal fins.
We identified a sub-state within the ‘rest’ state called 
‘perching’. Perching: individuals remain completely 
motionless, perched on top of structures in their territory 
with no fin movements.
Rove Any continuous swimming motion or ‘patrols’ 
made by the individual inside or outside its territory 
boundaries.
Defence/aggression individual chased an intruder from 
its territory, this state is different from a patrol in that it 
involved a directed high speed chase, involving flaring 
of dorsal fins and a colour change to a brown-marbled 
pattern, and was often followed by biting the intruder. 
Individuals that were stationary, but which displayed by 
flaring their dorsal fins and displaying the brown-mar-
bled patterns were also included in this state.
Courtship Male courted a female (approaching with 
quivering motion of its body, followed by a display of his 
ventral side to the female, with or without body contact 
[42]).
A total of n  =  32 focal individuals were sampled on 
the slope and n = 33 on the shelf. Separate models were 
used for each behavioural state. We modelled the effects 
of year (2013, 2014), habitat (shelf and slope) and the 
interaction between year × habitat on the binomial vari-
able—total time spent in a particular behavioural state 
versus total time not spent in that state. Quasibinomial 
glms were performed to account for overdispersion [48] 
Only non-significant interaction terms (p  <  0.05) were 
removed from the maximum model, to improve parame-
ter interpretation [49, 50]. We used Likelihood ratio test 
for testing statistical significance of coefficients.
A summary of sampling tactics used for measuring dif-
ferent variables is provided in the “Appendix” section.
Results
Annual aggregation density
The estimated mean peak annual density of P. areolatus 
was 72.08 ± 27.46 fish per 1000 m3.
At the aggregation site, the mean density of fish on the 
slope (324 ± 130.58 fish per 1000 m3) was approximately 
six times higher than that on the shelf (59.4 ± 11.84 fish 
per 1000 m3).
Male and female density distribution: size‑assortment
Population sex ratios during peak aggregation days were 
highly skewed towards females on the slope (0.80), but 
were much more evenly balanced on the shelf (0.39). The 
density of small and large males (χ2 = 41.946, p < 0.0005) 
and females (χ2 = 24.413, p < 0.0005) changed substan-
tially with habitat. The relative density of large males 
on the slope was approximately three times higher than 
small males. Conversely, the relative density of small 
males was 5 times higher than large males on the shelf 
(Fig. 1; Table 1). Large females were twice as abundant as 
small females on the shelf (Fig.  1; Table  1). In contrast, 
small females were 25 times more abundant than large 
females on the slope (Fig. 1; Table 1).
Courtship tactics
Natural history observations
We observed males arriving at the aggregation site up to 
3 days prior to the new moon and establishing small, tem-
porary territories (~5–10  m−2 area) on the reef slope and 
shelf. Both large and small males established territories at 
the aggregation site. These territories were maintained up 
to 2  days after peak spawning over the new moon phase. 
Females arrived at the aggregation area in large schools 
along the reef slope, a day prior to the peak aggregation day 
(Fig.  2a). We observed large schools of females (150–200 
fish) moving around the core aggregation area and hover-
ing in the mid-water column (i.e. stationary, with minimum 
movement of caudal and lateral fins) directly above the male 
territories. The female schools comprised of smaller individ-
uals (<45 cm TL). Small females from these schools did not 
leave the school to disperse into male territories on the ben-
thos. In contrast, large females (>45 cm TL) were observed 
roving independently along the benthos, or within male ter-
ritories, but never as part of the schools (Additional file 1).
We recorded two distinct male courtship behaviours in 
this aggregation.
Page 6 of 13Karkarey et al. BMC Ecol  (2017) 17:10 
Pair‑courtship
Pair courtship took place between a territorial male and 
visiting female within the male’s territory. Pair courtship 
(approach, colour change, quivering motion, ventral side-
display, quiver, and body contact, Fig. 2b) is often asso-
ciated with pair-spawning; the latter involves a release 
of gametes by the pair in a spawning rush just above the 
male’s territory [42]. While we did not directly observe 
incidents of spawning after pair courtship in our study, 
this sequence has been previously documented in a study 
of P. areolatus aggregations [42, 43].
School‑courtship
School courtship behaviour involved males making regu-
lar ‘forays’ into female schools in the water column, above 
their territories (Fig. 2c). Males courted multiple females 
in the school during each foray, before returning rapidly to 
their territories. Courtship with females in the school was 
similar to that seen in pair courtship, with the difference 
that it took place in the mid-water column (3–4 m off the 
benthos) and simultaneously with multiple females.
We documented two distinct incidents of gamete 
release following this school courtship behaviour in the 
water column—one in 2013 (Fig.  2d) and another inci-
dent in 2014. Both events took place between one male 
and 4–5 females within a larger school. Females partak-
ing in the spawning could be clearly identified based on 
their distended bellies. The incident involved an upward 
spawning rush within the school in the water column 
commonly seen in mass-spawning fish. Spawning took 
place >5 meters off the benthos (Additional file 2).
Distribution of male courtship tactics
Courtship tactics used by males varied with size (small 
and large) and habitat (shelf and slope, Fisher’s exact 
test p < 0.005). The school-courtship was more common 
among large males on the slope and less than a quarter 
of large males engaged in pair-courtship (Table  2). The 
frequency of small males using both school and pair-
courtship on the slope was comparable and low (Table 2). 
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Fig. 1 Size-assortment. Mean density ± SE (fish per 1000 m3) of large 
and small P. areolatus males (TL 40–55 cm, 56+ cm) and females (TL 
35–50 cm, 51+ cm) in two habitats (shelf and slope) at the aggrega-
tion site in Lakshadweep. Y-axis plotted on log10 scale. Values aver-
aged across 2 years 2013 and 2014 (n = 23 points)
Table 1 Size assortment
Negative-binomial GLM testing the relationship between male and female density with habitat (shelf and slope), body-size (large, small), year (2013, 2014) and 
the interactions between habitat, size and year at the aggregation site (n = 23 points). Maximum model with only the non-significant interaction terms removed 
to improve parameter interpretation. Statistical hypothesis testing carried out with likelihood ratio tests, except for main effects involved in statistically significant 
interactions
Final models Coefficients Estimate SE Likelihood ratio test
χ2(df) p
Female.density ~ habitat + size + year + habitat × size Intercept
(habitat: shelf, size: large, year: 2013)
1.629 0.395
Habitat: slope −0.576 0.520
Theta = 0.7819 ± 0.189 Size: small −0.946 0.521
df = 41 Year: 2014 0.023 0.365 0.003 (1) 0.949
Res.deviance = 51.04 Habitat: slope* size: small 4.381 0.732 24.413 (1) <0.0005
Male.density ~ habitat + size + year + habitat × size Intercept
(habitat: shelf, size: large, year: 2013)
0.972 0.237
Habitat: slope 2.216 0.269
Theta = 5.0346 ± 1.69 Size: small 1.800 0.268
df = 41 Year: 2014 −0.115 0.167 0.470 (1) 0.49
Res.deviance = 52.552 Habitat: slope* size: small −2.897 0.352 41.946 (1) <0.0005
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Fig. 2 Courtship tactics. a Female schools: a school of small female squaretail groupers approaches the slope at the aggregation site. b Pair-court-
ship: a male squaretail grouper courts a female in its territory. This is a typical pair-courtship behaviour observed in P. areolatus. c School-courtship: 
two large territorial male squaretail groupers (encircled) making a foray into a female school >4 m above the benthos on the slope. d School-spawn-
ing: a novel school-spawning incident (encircled) observed between one large territorial male and a group of female squaretail groupers within a 
female school in the water column above the slope. This incident was captured on new moon eve, February 2013
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The school-courtship tactic was completely absent on 
the shelf and all observed males (n = 30) engaged only in 
pair-courtship on the shelf (Table 2).
Costs and benefits of male ARTs
Benefits: association rates (potential mating opportunities)
Large males courting schools on the slope, associated 
with seven times more females per unit time than small 
males on the slope, and three times more females per 
unit time than males engaged in pair courtship in both 
habitats (Fig. 3).
Costs: intra‑sexual competition
The proportion of time spent in scored behavioural states 
did not change significantly between years (Fig. 4; Addi-
tional file 3). Time spent by males in aggressive behaviour 
was considerably higher (up to four times) on the slope 
than the shelf (χ2 = −845.900, p  <  0.0005). Conversely, 
males spent twice as much time resting on the shelf than 
slope (χ2  =  −347.97, p  <  0.0005) Time spent in court-
ship and roving behaviours did not vary between habitats 
(Fig. 4; Additional file 3).
Discussion
Species often employ unusual reproductive tactics 
while mating at very high densities [1, 2, 4]. Fish spawn-
ing aggregations can provide unique opportunities to 
study such unusual, density-dependent mating tactics 
at high population densities. However, our understand-
ing of natural mating systems of many commercially 
exploited, aggregating fish species is often obscured by 
the high anthropogenic pressures their populations sus-
tain. At the time of our observations, the Plectropomus 
areolatus aggregation in Bitra represented one of the few 
unfished spawning aggregations of a large-bodied marine 
fish, with the highest recorded densities for this species 
across the Indo-Pacific (Palau [42]; Indonesia [43]; West-
ern Solomon islands, [55]; Papua New Guinea [56]; Pohn-
pei [57]). At these unfished densities, we observed two 
peculiarities in the P. areolatus mating system compared 
to other locations. Firstly, there appeared to be an inverse 
size-assortment between males and females at the aggre-
gation site in Bitra. Secondly, we observed two distinct 
male courtship tactics: pair courtship and school court-
ship—the latter appears to be a novel courtship tactic in 
this population. Perhaps more interesting than these two 
distinct courtship tactics were the opportunistic observa-
tions of spawning after school courtship, suggesting that 
the type of courtship tactic (pair or school) may lead to 
two distinct and alternative reproductive tactics. Of the 
two ARTs, pair-spawning, is a commonly reported tactic 
in P. areoaltus and is associated with pair-courtship [40, 
42, 43]. In contrast, school-spawning is a unique tactic in 
this species, which we describe for the first time in the 
Bitra spawning aggregation. Given the extremely high 
densities of individuals observed in this spawning aggre-
gation, we suggest that the unique school-spawning tac-
tic in P. areolatus is likely seen only in very high-density 
populations. This could explain why school-spawning has 
been previously unreported from studies across the Indo-
Pacific. Opportunistic studies from unfished populations 
such as these can thus provide important baseline infor-
mation on unique mating strategies of species at natu-
rally high densities.
Table 2 Distribution of male courtship tactics
The frequency of small (40–55 cm) and large (56+ cm) males involved in school 
or pair courtship in shelf and slope habitats (n = 72 males) at the aggregation 
site
Habitat Male size Courtship tactic Total sampled
Schoola Pair
Slope Large 20 4 23
Small 11 8 19
Shelf Large 0 4 4
Small 0 26 26
slope shelf slope
7.5
5.0
2.5
habitat
NA
fe
m
al
es
 p
er
 m
in
school courtship pair courtship
shelf
small
large
size
Fig. 3 Male association rates. Mean association rates (number 
of females courted per minute) ±95% bootstrapped CIs of small 
(40–55 cm) and large (56+ cm) males (n = 72), using pair and school 
courtship tactics on the shelf and slope habitat at the aggrega-
tion site. The school-courtship tactic was not observed on the shelf 
despite the presence of female schools. Non-overlapping confidence 
intervals indicate significant differences in means
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Inverse size‑assortment
Overall the P. areolatus aggregation attained its high-
est density on the slope, as described at other locations 
across the Indo-Pacific [55–58]. Perhaps the most intrigu-
ing characteristic of the Bitra spawning aggregation is the 
inverse size-assortment of males and females, contrary to 
positive size-assortment, which is commonly seen in fish 
[16]. At first glance, this inverse-size assortment appears 
counter-intuitive. If female distribution were strongly 
influenced by the distribution of males alone, we would 
expect large females to be relatively more abundant in the 
high-density slope habitat where large males were pre-
sent, which was contrary to our observation. Typically, 
females choose larger males as mates for their superior 
quality and quantity of gametes [19, 59]. However, size-
assortment in individuals can be weak when the costs of 
mating with a larger partner (asymmetrical exploitation, 
intra-sexual competition) are not outweighed by size-
related mating advantages [60], or simply because body-
size is not a male trait that directly affects fitness [61–63]. 
Alternatively, females may be indifferent towards male 
size [64] if they select external environmental cues like 
predation pressure, or site quality to spawn [25, 30, 65]. 
Whether female distribution were a consequence of mate 
choice, cryptic competition and/or a choice for certain 
habitat characteristics would require careful manipula-
tive experiments, which were beyond the scope of this 
opportunistic, observational study. Irrespective of the 
mechanisms however, it appears that female behaviour 
may have a strong influence on male distribution in this 
aggregation.
We observed large males preferentially courting small 
females within schools on the slope, despite the presence 
of larger females on the slope. Female schools have been 
reported at other locations of P. areolatus aggregations 
across the Indo-Pacific, but tend to be much smaller in 
number (15–45 individuals per school [42, 43]). In com-
parison, the female schools we observed were an order 
of magnitude larger (>150 individuals) and unique only 
to Bitra atoll in Lakshadweep (RA, personal observation, 
[66]). While at this juncture we can only speculate on the 
mechanisms underlying this inverse-size assortment, it 
appears to be clearly unique to the high-density P. areola-
tus spawning aggregation in Bitra and is currently undoc-
umented in other aggregations.
A unique mating tactic?
An exciting observation in this study is the multiple inci-
dents of a unique mating tactic, school-spawning. The 
two incidents of school-spawning were remarkably simi-
lar in nature, and unique to other tactics in two ways. For 
one, females within schools simultaneously released gam-
etes as a cohesive unit, and did not disperse into male ter-
ritories to individually pair spawn after being courted by 
males [42]. For another, the school-spawning tactic dif-
fered from traditional observations of ‘group spawning’ 
because it involved a single male and multiple females 
partaking in an upward spawning rush, and not a single 
female and multiple males, which traditionally defines 
‘group spawning’ [67]. It is likely that the school-spawn-
ing tactic may be a variation of group spawning, in which 
multiple males eventually join and simultaneously spawn 
within the school as seen in mass-spawning fish [68]. 
With these limited observations, we cannot preclude the 
possibility that school-courtship may also lead to pair-
spawning or mass-spawning, as has been traditionally 
explained [42]. However, our opportunistic observations 
clearly suggest that in rare circumstances school-court-
ship may lead to a unique school-spawning tactic, likely 
only in very high density P. areolatus aggregations.
Male ARTs: patterns and processes
Alternative reproductive tactics are observed in mating 
populations, when individuals adopt distinct and alter-
native ways to maximize their reproductive benefits in 
the context of intra-sexual reproductive competition 
[69]. Unpredictability in partner availability, competition 
and predation risk, often selects for flexible and simul-
taneous ARTs, which are common in fish [69]. The two 
distinct ARTs in the high density P. areolatus aggrega-
tion appeared to be conditional upon potential mating 
aggression
a
ct
iv
ity
0.1 0.2 0.3 0.4 0.5
courtship
habitat
proportion time
rove
rest
slope
shelf
Fig. 4 Male activity. Proportional time spent in an activity, by males 
(n = 71) on the slope and shelf at the aggregation site. Closed circles 
and whiskers represent mean ± SE values of shelf males, triangles 
represent values of slope males
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opportunities and male competitive abilities. The slope 
habitat appeared to be the preferred habitat at the aggre-
gation site—and this is likely associated with high mate 
encounter rates [15, 59] or potential mating opportuni-
ties generated by the movement of female schools. In 
addition, inter-specific competition was found to be four 
times higher among males on the slope than shelf. Large 
males had a clear size-related competitive advantage [70, 
71] over their smaller counterparts and dominated the 
slope habitat. The largest males in this population were 
nearly 1.5 times longer than the smallest males. Further, 
on the high-density slope, large males engaged in school 
courtship much more frequently than pair courtship. 
While it is true that school courtship afforded seven 
times higher potential mating opportunities to the large 
males than pair courtship, it appeared to be a highly 
risky tactic because males had to leave their territories 
unattended during school forays. Despite higher lev-
els of intra-sexual competition however, it appears that 
the benefits large males potentially gained by spawning 
within female schools likely offset these costs, selecting 
for this unique and costly mating tactic by large males in 
the high-density slope habitat.
Smaller males in contrast were significantly disadvan-
taged on the reef slope. We observed large males aggres-
sively chasing away and injuring smaller competitors 
that attempted school-courtship. With high intra-sexual 
competition and no significant gains in potential mating 
opportunities, using the school-courtship tactic offered 
few benefits for small males on the slope. However, pair-
courtship yielded similar potential mating opportunities 
in both habitats for small males, and these were associ-
ated with significantly lower levels of intra-sexual com-
petition especially on the shelf. Taken together, males 
in this high-density spawning aggregation appear to 
adopt two distinct and flexible ARTs: a ‘school-courtship 
tactic’, which is a high-cost-high-benefit tactic associ-
ated with school-spawning, and a ‘pair-courtship tactic’, 
which is a low-cost-low-benefit tactic associated with 
pair-spawning.
Conclusion
To our knowledge our observations of two distinct 
courtship tactics and inverse size-assortment is the first 
reported for P. areolatus. Crucially these properties 
only occur in Lakshadweep where the aggregation was 
unfished and aggregating densities were much high than 
those reported in the rest of the Indo-Pacific. Our study 
therefore poses an important conservation question; if 
P. areolatus populations in Bitra are exposed to fishing 
pressures, could it lead to a loss of the rare inverse-size 
assortment and unique school-courtship tactics from P. 
areolatus spawning aggregation? Commercial fishing 
of groupers at the aggregation site in Bitra has recently 
commenced (2013). Our most recent density census from 
2015 and 2016 show that the peak aggregation density in 
January has declined by an alarming 50% compared to 
2013. With an offtake pressure estimated at 12–15 tonnes 
of fish in 2015 (RA, RK unpublished data), the declin-
ing density is likely a result of this newly emerging com-
mercial reef fishery. While the impact of the fishery on 
the unique P. areolatus mating system still remains to be 
evaluated, no female-schools or school-courtship were 
observed during surveys in 2016. This study raises sev-
eral questions about the evolution and maintenance of 
this unusual ‘school spawning’ tactic in high-density P. 
areolatus aggregations. However, we fear that this oppor-
tunity may be lost due to the fast declining population 
densities of the Bitra aggregation. Opportunistic studies 
from unfished populations such as these can thus provide 
important baseline information on unique mating strate-
gies of species at naturally high, unfished densities.
Abbreviation
ART: alternative reproductive tactics.
Authors’ contributions
AZ participated in data collection and in design of the manuscript. RA helped 
conceptualize and design the study, participated in data collection and 
helped draft the manuscript. KI performed statistical analysis and helped 
conceptualise the manuscript. RK conceived of the study, participated in its 
design and data collection, conducted statistical analysis and drafted the 
manuscript. All authors read and approved the final manuscript.
Additional files
Additional file 1. Female schools: schools of gravid females roving at the 
aggregation site. Male squaretail groupers (brown-marbled colouration) 
are seen making forays into the school and courting multiple females.
Additional file 2. School-spawning incident: a school-spawning incident 
observed in 2013. A male squaretail grouper from the slope males leaves 
his territory to make a foray into the school. Male is seen courting multiple 
females in the school. This school-courtship is followed by a sudden 
upward spawning rush between the male and 4–5 females from the 
school, proceeded by the release of gametes.
Additional file 3. Male activity. Quasibinomial GLMs modelling the effect 
of habitat (slope, shelf ), year (2013, 2014) and their interaction on the total 
time spent by males (n = 65) in an activity (aggression, courtship, rest, 
rove) versus time not spent in that activity. Maximum model with only 
the non-significant interaction are terms removed to improve parameter 
interpretation. Statistical hypothesis testing of coefficients carried out with 
likelihood ratio tests.
Page 11 of 13Karkarey et al. BMC Ecol  (2017) 17:10 
Author details
1 Oceans and Coasts Program, Nature Conservation Foundation, 3076/5, 4th 
Cross, Gokulam Park, Mysore, Karnataka 570002, India. 2 Manipal University, 
Manipal, Karnataka 576104, India. 3 Post-graduate Programme in Wildlife Biol-
ogy and Conservation, National Centre for Biological Sciences–Wildlife Conser-
vation Society, Bangalore, Karnataka, India. 4 Centre for Ecological Sciences, 
Indian Institute of Science, Bangalore, Karnataka, India. 5 Centre d’Estudis 
Avançats de Blanes (CSIC), Blanes, Spain. 
Acknowledgements
We would like to thank the Lakshadweep Administration; Department of Envi-
ronment and Forest, Department of Science and Technology and the Fisheries 
Department for timely permits and support of this study. We thank the Rufford 
Foundation, Y. Sadovy of Science and Conservation of Fish Aggregations 
(SCRFA) and the Pew Marine Fellowship for funding aspects of the work. We 
are grateful to Glenn Almany, Teresa Alcoverro, M.D. Madhusudhan, Mayuresh 
Gangal, Pavithra Sankaran and RR.Warner for critical inputs on the study, Mark 
Priest for feedback and image-editing. We thank Ibrahim M.K, Vardhan, Shreya, 
Jamhar, Shamsu, Musafir and Ummini for field assistance and their unwavering 
support. We extend a special thanks to the Bitra Panchayat and community for 
their warm hospitality.
Competing interests
The authors declare that they have no competing interests.
Availability of data and materials
The datasets supporting the conclusions of this article are available in the 
DRYAD Digital Data repository, with the identifier, doi:10.5061/dryad.m3069.
Ethics and consent to participate
The study was conducted in strict accordance with the Nature Conserva-
tion Foundation’s Research Ethic’s Guidelines with due clearances from the 
Nature Conservation Foundation’s Research Ethics Committee and from the 
Department of Science and Technology and Department of Environment and 
Forests, Lakshadweep. Plectropomus areolatus is not considered an endan-
gered or protected species in India and no special permits were required for 
studying and handling this species. This article does not contain any studies 
with human participants performed by any of the authors.
Funding
This study was funded by grants received by RK from the Rufford Foundation 
(12245-2) and a Pew Marine Fellowship awarded to RA.
Appendix
See Table 3.
Received: 14 June 2016   Accepted: 20 February 2017
References
 1. Emlen ST, Oring LW. Ecology, sexual selection, and the evolution of mat-
ing systems. Science. 1977;197:215–23.
 2. Kokko H, Rankin DJ. Lonely hearts or sex in the city? Density-depend-
ent effects in mating systems. Philos Trans R Soc Lond B Biol Sci. 
2006;361:319–34.
 3. Shuster SM, Wade MJ. Mating systems and strategies. 1st ed. New Jersey: 
Princeton University Press; 2003.
 4. Brockmann HJ. The evolution of alternative strategies and tactics. Adv 
Study Behav. 2001;30:1–51.
 5. Reichard M, Jurajda P, Smith C. Male-male interference competition 
decreases spawning rate in the European bitterling (Rhodeus sericeus). 
Behav Ecol Sociobiol. 2004;56:34–41.
 6. Tomkins JL, Brown GS. Population density drives the local evolution of a 
threshold dimorphism. Nature. 2004;431:1099–103.
 7. Berglund A. Many mates make male pipefish choosy. Behaviour. 
1995;132:213–8.
 8. Jennions MD, Petrie M. Variation in mate choice and mating preferences: 
a review of causes and consequences. Biol Rev. 1997;72:283–327.
 9. Mills SC, Reynolds JD. Operational sex ratio and alternative reproductive 
behaviours in the European bitterling, Rhodeus sericeus. Behav Ecol 
Sociobiol. 2003;54:98–104.
 10. Brockmann HJ, Oliveira RF, Taborsky M. Integrating mechanisms and func-
tion: prospects for future research. In: Oliveira RF, Taborsky M, Brockmann 
HJ, editors. Alternative reproductive tactics: an integrative approach. New 
York: Cambridge University Press; 2008. p. 471–89.
 11. Howard RD, Martens RS, Innis SA, Drnevich JM, Hale J. Mate choice and 
mate competition influence male body size in Japanese medaka. Anim 
Behav. 1998;55:1151–63.
 12. Charlton BD, Reby D, McComb K. Female red deer prefer the roars of 
larger males. Biol Lett. 2007;3:382–5.
 13. Lindenfors P, Gittleman JL, Jones KE. Sexual size dimorphism in mammals. 
In: Fairbairn DJ, Blanckenhorn WU, editors. Sex, size and gender roles: evo-
lutionary studies of sexual size dimorphism. New York: Oxford University 
Press; 2007. p. 16–26.
 14. Clutton-Brock T. Sexual selection in females. Anim Behav. 2009;77:3–11.
 15. van den Berghe EP, Warner RR. The effects of mating system on male 
mate choice in a coral reef fish. Behav Ecol Sociobiol. 1989;24:409–15.
 16. Jiang Y, Bolnick DI, Kirkpatrick M. Assortative mating in animals. Am Nat. 
2013;181:125–38.
Table 3 A summary of sampling techniques and sample sizes used for estimating variables
Variable Sampling technique Sample size and factors Tests performed
Annual peak aggregation density UVC permanent belt transects (tran-
sect volume = 50*10*5 m3)
N = 10 transects
Year (2013, 2014)
Habitat (slope, shelf )
–
Size-assortment: male and female 
density distribution
UVC points (point vol-
ume = π*5*5 m3)
N = 23 points
Year (2013, 2014),
Habitat (shelf, slope)
Size (large, small)
Negative-binomial glm, likelihood 
ratio tests
Frequency of male courtship tactics Focal individual sampling, 1 min 
underwater observations
N = 72 (2014) focal males
Habitat (shelf, slope)
2 × 2 Contingency table, Fisher’s exact 
test
Benefits: association rates (potential 
mating opportunities)
Focal individual sampling, 1 min 
underwater observations
N = 72 (2014) focal males
Habitat (shelf, slope)
95% Bootstrapped confidence 
intervals
Costs: intra-sexual competition Focal individual sampling,
Activity budgets, 5 min videos
N = 65 (2014) focal male videos
Habitat (shelf, slope)
Quasibinomial glms, likelihood ratio 
tests
Page 12 of 13Karkarey et al. BMC Ecol  (2017) 17:10 
 17. Crespi BJ. Causes of assortative mating in arthropods. Anim Behav. 
1989;38:980–1000.
 18. Harari AR, Handler AM, Landolt PJ. Size-assortative mating, male choice 
and female choice in the curculionid beetle Diaprepes abbreviatus. Anim 
Behav. 1999;58:1191–200.
 19. Taborsky M. Alternative reproductive tactics in fish. In: Oliveira RF, Tabor-
sky M, Brockmann HJ, editors. Alternative reproductive tactics: an integra-
tive approach. New York: Cambridge University Press; 2008. p. 263–311.
 20. Oliveira RF, Taborsky M, Brockmann HJ. alternative reproductive tactics: an 
integrative approach. 1st ed. New York: Cambridge University Press; 2008.
 21. Aguilar-Perera A. Disappearance of a Nassau grouper spawning aggre-
gation off the southern Mexican Caribbean coast. Mar Ecol Prog Ser. 
2006;327:289–96.
 22. Domeier ML, Colin PL. Tropical reef fish spawning aggregations: defined 
and reviewed. Bull Mar Sci. 1997;60:698–726.
 23. Atz JW. Intersexuality in fishes. In: Armstrong CN, Marshall AJ, editors. 
Intersexuality in vertebrates including man. London: Academic Press; 
1964. p. 145–232.
 24. Johannes RE. Reproductive strategies of coastal marine fishes in the trop-
ics. Environ Biol Fishes. 1978;3:65–84.
 25. Petersen CW. The relationship among population density, individual size, 
mating tactics and reproductive success in a hermaphroditic fish, Ser-
ranus fasciatus. Behaviour. 1990;113:57–80.
 26. Henson SA, Warner RR. Male and female alternative reproductive behav-
iors in fishes: a new approach using intersexual dynamics. Annu Rev Ecol 
Syst. 1997;28:571–92.
 27. Taborsky M. Sperm competition in fish: bourgeois males and parasitic 
spawning. Trends Ecol Evol. 1998;13:222–7.
 28. de Mitcheson Sadovy, Liu M. Functional hermaphroditism in teleosts. Fish 
Fish. 2008;9:1–43.
 29. Choat JH. Spawning aggregations in reef fishes; ecological and evolution-
ary processes. In: de Mitcheson YS, Colin PL, editors. Reef fish spawning 
aggregations: biology, research and management. Netherlands: Springer; 
2012. p. 85–116.
 30. Warner RR, Hoffman SG. Local population size as a determinant of mating 
system and sexual composition in two tropical marine fishes (Thalassoma 
spp.). Evolution. 1980;34:508–18.
 31. Erisman BE, Hastings PA. Evolutionary transitions in the sexual patterns of 
fishes: insights from a phylogenetic analysis of the seabasses (Teleostei: 
Serranidae). Copeia. 2011;10:357–64.
 32. Rowe S, Hutchings JA. Mating systems and the conservation of commer-
cially exploited marine fish. Trends Ecol Evol. 2003;18:567–72.
 33. Craig MT, Hastings PA. A molecular phylogeny of the groupers of the 
subfamily Epinephelinae (Serranidae) with a revised classification of the 
Epinephelini. Ichthyol Res. 2007;54:1–17.
 34. de Mitcheson SY. The threat of fishing to highly fecund fishes. J Fish Biol. 
2001;59:90–108.
 35. Erisman BE, Rosales-Casián JA, Hastings PA. Evidence of gonochorism in a 
grouper, Mycteroperca rosacea, from the Gulf of California, Mexico. Environ 
Biol Fishes. 2008;82:23–33.
 36. Erisman BE, Craig MT, Hastings PA. A phylogenetic test of the size-advan-
tage model: evolutionary changes in mating behavior influence the loss 
of sex change in a fish lineage. Am Nat. 2009;174:83–99.
 37. Liu M, Sadovy Y. The influence of social factors on adult sex change and 
juvenile sexual differentiation in a diandric, protogynous epinepheline, 
Cephalopholis boenak (Pisces, Serranidae). J Zool. 2004;264:239–48.
 38. de Mitcheson YS, Cornish A, Domeier M, Colin PL, Russell M, Lindeman 
KC. A global baseline for spawning aggregations of reef fishes. Conserv 
Biol. 2008;22:1233–44.
 39. Sadovy de Mitcheson YS, Craig MT, Bertoncini AA, et al. Fishing groupers 
towards extinction: a global assessment of threats and extinction risks in 
a billion dollar fishery. Fish Fish. 2013;14:119–36.
 40. Coleman FC, Koenig CC, Collins LA. Reproductive styles of shallow-
water groupers (Pisces: Serranidae) in the eastern Gulf of Mexico and 
the consequences of fishing spawning aggregations. Environ Biol Fish. 
1996;47:129–41.
 41. de Mitcheson YS, Erisman B. Fishery and biological implications of fishing 
spawning aggregations, and the social and economic importance of 
aggregating fishes. In: de Mitcheson YS, Colin PL, editors. Reef fish spawn-
ing aggregations: biology, research and management. Netherlands: 
Springer; 2012. p. 225–84.
 42. Johannes RE, Squire L, Graham T, Sadovy Y, Renguul H. Spawning aggre-
gations of groupers (Serranidae) in Palau. Arlington: Marine Conservation 
Research Series Publ. #1, The Nature Conservancy; 1999.
 43. Pet JS, Mous PJ, Muljadi AH, Sadovy YJ, Squire L. Aggregations of Plectro-
pomus areolatus and Epinephelus fuscoguttatus (groupers, Serranidae) in 
the Komodo National Park, Indonesia: monitoring and implications for 
management. Environ Biol Fishes. 2005;74:209–18.
 44. Karkarey R, Kelkar N, Lobo AS, Alcoverro T, Arthur R. Long-lived groupers 
require structurally stable reefs in the face of repeated climate change 
disturbances. Coral Reefs. 2014;33:289–302.
 45. Russell M, Muller L. SCRFA Fish Aggregation Database. Spawning 
aggregation database by Science and Conservation of Fish Aggregations. 
World Wide Web electronic publication. http://www.scrfa.org/database. 
Accessed 1 June 2015.
 46. Rhodes KL, Sadovy Y. Temporal and spatial trends in spawning aggrega-
tions of camouflage grouper, Epinephelus polyphekadion, in Pohnpei, 
Micronesia. Environ Biol Fishes. 2002;63:27–39.
 47. Colin PL, Sadovy YJ, Domeier ML, Graham RT. Manual for the study and 
conservation of reef fish spawning aggregations. Society for the Conser-
vation of Reef Fish Aggregations, 2003.
 48. Crawley MJ. The R book. 2nd ed. Chichester: Wiley; 2012.
 49. Bolker BM. Ecological models and data in R. Princeton: Princeton Univer-
sity Press; 2008.
 50. Harrell F. Regression modeling strategies: with applications to linear 
models, logistic and ordinal regression, and survival analysis. 2nd ed. 
Switzerland: Springer International Publishing; 2015.
 51. R Core Team. R: A language and environment for statistical computing. 
R Foundation for Statistical Computing. Vienna: Austria; 2016. https://
www.R-project.org/.
 52. Bates D, Maechler M, Bolker B, Walker S. Fitting linear mixed-effects mod-
els using lme4. J Stat Softw. 2015;67(1):1–48.
 53. Wickham H. ggplot2: elegant graphics for data analysis. New York: 
Springer-Verlag; 2009.
 54. Canty A, Ripley B. boot: Bootstrap R (S-Plus) Functions. R package version 
13–18. Vienna: R Foundation for Statistical Computing; 2014.
 55. Hamilton RJ, Giningele M, Aswani S, Ecochard JL. Fishing in the dark-local 
knowledge, night spearfishing and spawning aggregations in the West-
ern Solomon Islands. Biol Conserv. 2012;145:246–57.
 56. Hamilton RJ, Potuku T, Montambault JR. Community-based conservation 
results in the recovery of reef fish spawning aggregations in the Coral 
Triangle. Biol Conserv. 2011;144:1850–8.
 57. Rhodes KL, Nemeth RS, Kadison E, Joseph E. Spatial, temporal, and envi-
ronmental dynamics of a multi-species epinephelid spawning aggrega-
tion in Pohnpei, Micronesia. Coral Reefs. 2014;33:765–75.
 58. Johannes RE. Spawning aggregation of the grouper, Plectropomus areo-
latus (Ruppel) in the Solomon Islands. Proceedings of the 6th Interna-
tional Coral Reef Symposium: Australia, Vol 2. 1988. p.751–55.
 59. Shuster SM. Sexual selection and mating systems. Proc Natl Acad Sci. 
2009;106(Suppl 1):10009–16.
 60. Taborsky B, Guyer L, Taborsky M. Size-assortative mating in the absence of 
mate choice. Anim Behav. 2008;77:439–48.
 61. Warner RR. Female choice of sites versus mates in a coral reef fish, Thalas-
soma bifasciatum. Anim Behav. 1987;35:1470–8.
 62. Wong B. Superior fighters make mediocre fathers in the Pacific blue-eye 
fish. Anim Behav. 2004;67:583–90.
 63. Wong BBM, Candolin U. How is female mate choice affected by male 
competition? Biol Rev. 2005;80:559–71.
 64. Gross MR. Sunfish, salmon, and the evolution of alternative reproduc-
tive strategies and tactics in fishes. In: Wooton R, Potts G, editors. Fish 
reproduction: strategies and tactics. London: Academic Press; 1984. p. 
55–75.
 65. Petersen CW, Warner RR, Cohen S, Hess HC, Sewell AT. Variable pelagic 
fertilization success: implications for mate choice and spatial patterns of 
mating. Ecology. 1992;73:391–401.
 66. Tamelander J, Sattar S, Campbell S, Hoon V, Arthur R, Patterson EJK, et al. 
Reef fish spawning aggregations in the Bay of Bengal: awareness and 
occurrence. Proceedings of the 11th International Coral Reef Symposium. 
Florida; 2008. p. 7–11.
 67. Petersen CW. Variation in fertilization rate in the tropical reef 
fish, Halichoeres bivattatus: correlates and implications. Biol Bull. 
1991;181:232–7.
Page 13 of 13Karkarey et al. BMC Ecol  (2017) 17:10 
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
 68. Molloy PP, Goodwin NB, Côté IM, Reynolds JD, Gage MJ. Sperm competi-
tion and sex change: a comparative analysis across fishes. Evolution. 
2007;61:640–52.
 69. Taborsky M, Brockmann HJ. Alternative reproductive tactics and life his-
tory phenotypes. In: Kappeler P, editor. Animal behaviour: evolution and 
mechanisms. Heidelberg: Springer; 2010. p. 537–86.
 70. Taborsky M. The evolution of bourgeois, parasitic, and cooperative repro-
ductive behaviors in fishes. J Hered. 2001;92:100–10.
 71. Brown JH, Maurer BA. Body size, ecological dominance and Cope’s rule. 
Nature. 1986;324:248–50.
